The study aimed specifi cally at investigating if canopy openness was a better predictor of the height growth of Norway spruce ( Picea abies (L.) Karst.) advance regeneration than overstorey basal area or overstorey standing volume. In 1990, a fi eld experiment with 3 × 2 factorial design and two replications (blocks) was established in an uneven-aged Norway spruce forest. Plots had a net plot area of 30 × 30 m, each with a 10-m-wide treated buffer zone. Three overstorey density levels retained approximately 15, 40 and 70 per cent of the pre-harvest overstorey standing volume and were allotted to the plots. Two types of thinning that harvested smaller trees or harvested larger trees were randomly allocated to each pair of overstorey density plots. In mid-June 2000, canopy openness was estimated from hemispherical photographs taken at fi ve marked points in the centre of each of the plots at 0.9 m from ground to the top of the ' fi sh-eye ' camera lens. Regression results showed that canopy openness was a better predictor of height increments of spruce seedlings (0.1< height < 0.5 m), saplings (0.5 ≤ height < 2.0 m), and small trees (height ≥ 2.0 m, diameter at 1.3 m height < 5 cm) than with overstorey basal area (m 2 ha -1 ) or overstorey standing volume (m 3 ha -1
Introduction
In two-storied and multi-storied forests, height growth of advance regeneration can be infl uenced by stand density expressed as basal area or standing volume ( Oliver and Larson, 1996 ) . The infl uence of stand density on Norway spruce ( Picea abies (L.) Karst.) regeneration is, however, inconclusive. Some studies have shown that height growth of spruce regeneration is correlated negatively with stand density in dense uneven-aged Norway spruce forests ( Leemans, 1991 ; Hofgaard, 1993 ) . A few other studies indicate that overstorey density has either positive ( Sarvas, 1944 ; Lundqvist, 1991 ) or no effect ( Bøhmer, 1957 ; Nilsen, 1988 ; Nilson and Lundqvist, 2001 ) on spruce seedling -sapling height increment in variably thinned uneven-aged stands in northern boreal Europe. One explanation for the inconclusive results regarding the infl uence of overstorey density on spruce regeneration could be that data from conventional forest inventory, such as basal area (m 2 ha -1 ) and standing volume (m 3 ha -1 ), does not suffi ciently describe the current light conditions in managed stands. Greis and Kellomäki (1981) showed that higher light levels increased Norway spruce regeneration height growth in old-growth spruce forests.
Light conditions can be estimated either indirectly by stand inventory data or by direct measurements. An intermediate method is to measure canopy openness by hemispherical photography. Hemispherical photographs taken with an 180° fi eld-of-view ' fi sh-eye ' lens have been successfully used to calculate below-canopy light transmission ( Anderson, 1964 ; Chazdron and Field, 1987 ; Easter and Spies, 1994 ; Gendron et al. , 1998 ) , red to far-red spectrum ratio ( Rich et al. , 1993 ) and leaf area index and canopy openness ( Chen et al. , 1991 ) . Canopy openness is the proportion of the whole hemisphere that is visible when viewed from a point ( Hale, 2001 ) . It is a reliable indicator of overstorey dominance and biological processes affecting understorey plant communities ( Evenson et al. , 1980 ) . Basal area can be used as an estimator of canopy openness in even-aged stands ( Mitchell and Popowich, 1997 ; Brandeis et al. , 2001 ) . Basal area, however, is weakly correlated with canopy openness in dense even-aged conifer stands with <40 per cent canopy openness ( Mitchell and Popowich, 1997 ) or >16.0 m 2 ha -1 ( Brandeis et al. , 2001 ) . In Norway spruce even-aged stands, Johansson (1986) showed that heavily thinned (40 -70 per cent of stand basal area) stands had less variation in the shape of tree crowns than did denser stands in which the larger diameter trees were thinned (20 -25 per cent of stand basal area). Solberg and Tveite (2000) showed that retained spruce trees developed rapidly after a partial harvest and this increased rate of development lowered the tree-to-tree variation in spruce crown density. Canopy openness estimates can depict crown density, and therefore it should be a better predictor of spruce regeneration and advanced growth than basal area in thinned uneven-aged stands.
This study was undertaken to determine if canopy openness is a better predictor than overstorey basal area or overstorey standing volume for height increments of Norway spruce regeneration, i.e. seedlings, saplings and small trees, in thinned uneven-aged Norway spruce stands. We hypothesized that canopy openness is a better predictor of height increment of spruce advance regeneration than stand basal area or standing volume.
Materials and methods
The study, established in 1990, was conducted in a fi eld experiment in an uneven-aged Norway spruce ( Picea abies (L.) Karst.) forest in the Ätnarova Experimental Forest south of Gällivare (67° 1 ′ N, 20° 41 ′ E, 425 m a.s.l.) in northern Sweden. It was ∼ 60 years since previous harvesting activities. The forest had almost 90 per cent of the standing volume composed of Norway spruce. The additional tree species included birch ( Betula pubescens Ehrh.).
The experiment had a 3 × 2 factorial design and had two blocks with a total of 12 plots. The treatments were overstorey density and thinning type. Three overstorey density levels retained were at approximately 15, 40 and 70 per cent volume from the pre-harvest standing volume. Thinning types were thinning from above (harvests of larger d (diameter at 1.3 m in height)) or thinning from below (harvests of trees with smaller d ). The procedure for selecting trees for harvest is described by Nilson and Lundqvist (2001) .
Each of the 12 plots had a net plot area of 0.09 ha (30 × 30 m) and a gross plot area of 0.25 ha (50 × 50 m), with the 10-m-wide treated buffer zone around each net plot. Untreated corridors, at least 10 m wide, were also established between the plots. Based on ground vegetation dominance, the plots were split into block I of bilberry ( Vaccinium myrtillus L.) and block II of low herbs, e.g. Oxalis acetocella L., Maianthemum bifolium (L.) F.W.Schw. (cf. Hägglund and Lundmark, 1977 , and from 185 to 230 m 3 ha -1 for block II, as reported by Nilson and Lundqvist (2001) . The three standing volume retention levels were allocated to two plots each within each block. The two thinning types (above and below) were then randomly allocated within each pair of the plots with the different retained standing volumes. After-harvest standing volume for the treated plots in Ätnarova in block I ranged from 21 to 81 m 3 ha -1
, and for block II from 22 to 120 m 3 ha -1 ( Table 1 ) . Within each net plot, fi ve circle plot centre points were established and marked, positioned like fi ve on a die, to measure the Norway spruce regeneration with no overlap of the fi ve circle plot areas. At the start of the experiment in 1990, defi nitions of the three size classes, including seedlings of 0.1 < height < 0.5 m, saplings of 0.5 ≤ height < 2.0 m and small trees of height ≥ 2.0 m, d < 5 cm, were made by Nilson and Lundqvist (2001) .
In mid-June 2000, all standing Norway spruce trees with d ≥ 5 cm were cross-callipered, and height was measured for randomly sampled trees within the gross plots. Using separate functions by Brandel's volume functions ( Brandel, 1990 ) , stem volumes of Norway spruce and birch sample trees were calculated. Separate secondary volume equations for spruce and birch were then calculated using a formula developed by Hoffman (1982) :
where c 1 , c 2 and c 3 are the regression coeffi cients, v is stem volume, d is diameter and is the mean residual error of the regression. The stem volume of all trees with ≥ 5 cm within the plots was fi nally calculated with the secondary volume equations.
For the inventory in 2000, height increments of the last three years were measured on seedlings within a radius of 3 m (28-m 2 circle plots) from each of the fi ve circle plot centres on each net plot, and on saplings within a radius of 5.64 m (100-m 2 circle plots). Height increments for the last three years were measured on all small trees in the net plots. Mean height increments were then calculated annually from the last three years for the plots. All measured seedlings and saplings were registered in the inventory with the distance and angle recorded from the marked circle plot centre point to the position of the regeneration. All small trees were recorded with the distance and angle from four marked corner points of the net plots.
Hemispherical photographs were taken under overcast sky conditions at the fi ve marked circle plot centres on each of the net plots, with the top of the fi sh-eye lens at 0.9 m from the forest fl oor. We used a Nikon FM2 camera fi tted with a fi sheye Nikkor 8 mm aperture and a red fi lter, which increased contrasts between the overstorey trees and the sky, and reduced refl ections in the Kodak TMX, 35 mm, 100 ASA monochrome fi lms. The shutter speed was set to 1/125 per second, a cable release was used to reduce vibrations, and the camera lens was levelled. The photographs were developed and scanned, and then cropped using the image-processing program, Scion Image ( Anon., 1997 ). All photographs were cropped to have the same total number of pixels within a specifi ed fi eld-of-view area. Canopy openness was calculated as the percent of pixels with lightness of grey tinges above a threshold value that represented the sky.
The infl uence of overstorey density on Norway spruce seedling, sapling and small tree mean height increments for the 12 treated plots was analysed using multiple regression. The regression model was:
where y is the plot mean height increments for seedlings, saplings or small trees, respectively, for thinning type ( i ) and blocks ( j ). The mean height increments of the seedlings, saplings or small trees were used as separate dependent variables. The independent variables consist of the intercept ( µ ), thinning type ( α ), overstorey density ( β ), plot mean height ( z ) of seedlings, saplings or small trees, respectively, which was used as a covariate ( λ ) to account for different sizes in each regeneration class, and block ( c ). Dummy variables were used for both the thinning type and block. The analyses were repeated for each of the overstorey density variables, i.e. plot mean canopy openness, overstorey basal area or overstorey standing volume, respectively. In the model, basal area or standing volume in the net plots was used.
Results
Ten years after applying the silvicultural treatments, overstorey basal area ranged from 4.6 to 21.1 m 2 ha -1 , and overstorey standing volume ranged from 27.8 to 162.8 m 3 ha -1 for the plots ( Table 2 ) . Plot-mean canopy openness ranged from 27.6 to 61.7 per cent, and standard deviations of the estimates ranged from 0.9 to 19.5. The mean height increment for the seedlings, saplings and small trees for the treated plots were ∼ 25 mm a , respect ively ( Figure 1 ). Neither thinning type nor the blocks were signifi cant variables and were therefore removed from the regression, and the analysis was repeated. Mean height increment of seedlings was signifi cantly positive ( P = 0.006) with plot mean canopy openness and this showed a better prediction than with overstorey basal area followed by overstorey standing volume ( Table 3 ) . Height increment of saplings was signifi cantly positive ( P = 0.003) with canopy openness, whereas with overstorey basal area and overstorey standing volume the P values were not signifi cant ( Table 4 ) . Small spruce tree height increment was also signifi cantly positive ( P = 0.018) with canopy openness, but not with overstorey basal area and overstorey standing volume ( Table 5 ). In a linear regression, plot-mean canopy openness was signifi cantly negative ( P ≤ 0.05) with the overstorey basal areas in the net plots, and the r 2 correlation value was 0.40 ( Figure 2 ).
Discussion
Better predictions for the height growth of the seedlings, saplings and small trees with canopy openness than with overstorey basal area and overstorey standing volume failed to reject the hypothesis. Overstorey basal area alone is not a predictor of height growth for Norway spruce regeneration ( Nilsen, 1988 ; Leemans, 1991 ; Lundqvist and Fridman, 1996 ) , and this was supported by and paralleled our results. However, Saksa (2004) showed that height of spruce seedlings increased with lower standing volume and smaller basal area, which was not supported by our results. Kuuluvainen and Pukkala (1989) stated that growth and recruitment of conifer seedlings increase as the distance to the nearest overstorey tree increases. This was only partially supported by our results in that stands with low canopy openness could have had trees adjacent to regeneration that lowers spruce seedling -sapling heights, but basal area should also indicate similar stand characteristics and it still did not predict the height growth of the regeneration. It has been shown that height increases under higher light conditions for spruce advance regeneration by Greis and Kellomäki (1981) , and they digitalized the hemispherical photographs to compute the amount of light in the understorey. A hemispherical photographic estimate of canopy openness has value at one measurement, but it is limited, and to fully corroborate our hypothesis an investigation is needed to directly measure light in a northern forest in Ätnarova. Brandeis et al . (2001) found that stand basal area was a better predictor than canopy openness of height growth for planted shade-tolerant conifer ( Thuja plicata Donn ex D. Donn and Abies grandis (Dougl.) Lindl.) regeneration in thinned even-aged stands dominated by Douglas-fi r ( Pseudotsuga menziesii (Mirb.) Franco). This was not supported by our results. One reason could be that planting controls the regeneration stocking level while spruce advance regeneration density varies with stand density in uneven-aged stands ( Lundqvist and Fridman, 1996 ) . Page et al . (2001) found similar results, where high variation in mean height growth for advance regeneration occurred when regeneration density was high, which lowered the predictive power of stand basal area. Height growth is usually less sensitive to competition than diameter growth, but conifer 1.353 0.306 0.23 † Separate regressions for small trees with overstorey density variables, residual d.f. = 10, total d.f. = 11. ‡ Signifi cance levels: *, P ≤ 0.05; **, P ≤ 0.01. § All mean estimates taken at the circle plot centres. ¶ All trees with diameter ≥ 5 cm measured in the 0.09-ha plots. # Mean height of the small trees used in the regression as a covariate for different sizes. regeneration produces long shoots with long internodes and short shoots with no internodes during a growing season in open stands with high regeneration density ( Kramer and Kozlowski, 1979 ) . Consequently, high regeneration density could also lower the predictive power of canopy openness. Another reason is that growth of Norway spruce seedlings is primarily affected by the ground conditions such as vegetation type and soil fertility after planting ( Jäderlund et al. , 1997 ) . It has been suggested that stand basal area represents ground conditions with equal competition for growth resources between all individuals more than light conditions with larger individuals that must have disproportionately more growth resources than smaller individuals ( Hara, 1992 ) . Results from Brandeis et al . (2001) , therefore, could indicate that basal area had confounded affects on regeneration under poor ground conditions, or low site fertility effected the planted conifer regeneration in dense stands more than higher light conditions on regeneration in the open stands. In dense basal area stands in the dry-summer environment in Oregon studied by Brandeis et al . (2001) , regeneration might be water stressed due to competition with vegetation and overstorey trees.
Basal area is a convenient inventory measure of stand density because it is easy to measure and widely used by foresters. Using basal area, however, does not adequately represent the understorey conditions and the different scales of measurement that can be used complicate it; using point sampling with a range of basal area factors or using the individual tree basal areas within plots of different sizes (Zeide, 1985) . An optimum basal area factor must, however, be chosen. If the basal area factor is too low, trees are sampled that are either very small or too distant from the point of measurement ( Page et al. , 2001 ). The height growth of Norway spruce advance regeneration has been shown to be correlated with stand basal area in uneven-aged stands when using transects of 400 × 5 m to measure spruce regeneration ( Hofgaard, 1993 ) . However, the size of the net plots used in this study did not provide enough area to measure the regeneration using the transect method. It should be therefore investigated further as to which survey method, i.e. the transect survey or plot-based experimental designs, is an accurate inventory for determining the infl uence of stand basal area on spruce seedling -sapling height in boreal forests. Mitchell and Popowich (1997) showed that canopy openness is better correlated with basal area in more open stands (>40 per cent canopy openness). In our study, the results supported Mitchell and Popowich (1997) in that the canopy openness estimates with basal area had less variation in denser stands. In our study, after further ) in the net plots. The r 2 is the correlation value (* P ≤ 0.05) of basal area with canopy openness.
analysis, it was found that the low variation in canopy openness for the larger basal areas lowered the correlation between canopy openness and basal area. This could indicate a curved relationship between canopy openness and basal area from open to dense stands, and defi nitely warrants further testing because it might explain the lack of infl uence of basal area on spruce regeneration. Height growth of regeneration and its relationship to overstorey density could be explained by the time at which heights were measured after silvicultural treatments, cf. Zingg (1999) . Nilson and Lundqvist (2001) found no effect of basal area and standing volume on the height growth of advance regeneration 7 years after thinning in the same experimental northern forest in Ätnarova. Skoklefald (1967) concluded that released Norway spruce advance regeneration had a 7-year growth response time lag in northern Norway. The effects of suppression on height growth of black spruce ( Picea mariana (Mill.) BSP) advance regeneration decline linearly and become negligible 12 years after corridor thinning in uneven-aged black spruce stands growing on peatland soils, and this is largely independent of their height ( Groot and Hökkä, 2000 ) . In this study, the results showed that the height growth of Norway spruce regeneration was correlated with the overstorey densities 10 years after silvicultural treatments, and thus enough time was provided for measuring the height of spruce advance regeneration and canopy conditions. However, height increments 10 years after thinning were small and in the order of centimetres (or tens of millimetres) per year. These low height increment levels increase from seedlings to saplings ( Lundqvist and Fridman, 1996 ) , and are common for uneven-aged Norway spruce stands in northern Sweden ( Lundqvist, 1991 ) .
In conclusion, the results showed that for spruce regeneration above 10 cm (or 100 mm) in height, canopy openness was a better predictor of height growth than overstorey basal area or overstorey standing volume in thinned uneven-aged Norway spruce stands.
